Flagellate variants were selected from most of the nonmotile, gas-vacuolate strains of Ancylobacter nquaticus under study. The number and location of flagella on the cells were variable. Flagellins produced by five independently isolated strains of .4. aquaticu.r were serologically related. Variants of strain M1 selected for their motility did not produce gas vesicles; however, gas-vacuolate, nonmotile clones arose in these motile variants at a frequcncy of about 1 0-'. Formation of flagella has also been found in 'Henohucter i.ncuolatuni' and another heterotrophic gas-vacuolate bacterium that has not yet been identified.
by Orskov (1928) as a nonmotile vibrioid bacterium that formed closed rings. Van Ert & Sta1i.y (1971) and Konopka et al. (1976) isolated bacteria from several different habitats that wc:re morphologically and biochemically similar to the strains of Orskov, but which containcd gas vacuoles. All of these isolates have been classified as str;iins of A . uqitotirus (Staley Csr Konopka, 1984) . Although all strains of A . nqttmticus had been described 2: s I;onmotile, Konopka c'f d. (1976) reported the isolation of a motile, polarly flagellate variant from strain M 1 . This finding was significant not only because Ancrlohacter species are described as nonmotile organisms, hut also because gas-vacuolate micro-organisms are rarely motile. None of the gas.-vncuo!;ite cyanobacteria possess flagella (Walsby, 198 1 a ) m d , of rrme than 80 other gas-vacuolate bacteria including A . aquaticus, only the two genera Hdohactcrium an<! Z.trniprocj-.\.ris havc motile species (Walsby, 1981 b) . Moreover, motility has ofter! been I I S C~ as ;i key taxonorric characteristic (Rhodes, 1965) .
Since the motile variant described by Konopka et 01. (1976) was observctl during exarr!in;.itiop of a stationary-phase culture of only one strain, we undertook a study to determine if rnotilc variants could be obtained from other strains of A . uqzruticus using a direct selection procedure.
In this report, we describe the isolation of motile variants from setieral gis-vLicuolate strains cif A . aquaticus. In addition, the ultrastructural and cell 1oc:ition of thc 9agc'lla are dcscrihd. and some observations on the relationship between the production of p s vcsicles afid flagella are presented.
M E T H O D S
Bacterial strains. Ancylobacter nquaticu.c. strains M 1 and B were described by Van Ert &! Staley ( I 971). SI;.;;cr;t! derivatives of M1 were used in this study. M 100 is a mctant that produces gas vesicles under all growth copditions MI01 is a derivative of MI00 that synthesizes incomplete p i s vesicles. These two isolates wcrc prevrc~rlsly described as S1 and SS, respectively (Konopka el al., 1975) .
Strain H was isolated from Hall Lake, Washington. Strzins W , NC, and OK were :ill isolatcd from x r a t i o n lagoons of Weyerhauser pulp mills located in: Everett, Washington (W); New Bern, North Carolina (NC'), slid
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Valiant, Oklahoma (OK) (Konopka, 1975) . The type strain of A. aquaticus, the Orskov strain, was obtained from H. D. Raj. 'Renobacter vacuolatum ' (Nikitin, 1971) was obtained from J. Larkin. J. T. Staley provided the type strains Prosthecomicrobium pneumaticurn and Ancalomicrobium adetum, and the gas-vacuolate Gram-negative heterotrophic bacterium which was isolated from Spirit Lake, Washington, but which remains to be named (R. Irgens & J. T. Staley, personal communication) .
Growth conditions. Bacteria were grown in either CAGV or DM medium. CAGV contained (1-l) 1 g glucose, 1 g Casamino acids, 20 ml Hutner's salts, and 10 ml vitamin solution (Staley, 1968) . DM contained (1-*) 20 ml Hutner's salts, 10 ml vitamin solution, 1 g glucose, 0.025 g (NH4)2S04 and 0.07 g Na2HP04. For expression of motility, cultures were grown at 28 "C. Other cultures were generally grown at 30 "C unless otherwise stated. Broth cultures were incubated in a New Brunswick controlled environment incubator-shaker.
Electron microscopy. Cell samples were stained with 2% (w/v) phosphotungstate (pH 7.4), and a drop was dried on to a parlodion carbon-coated copper grid (200 mesh). Preparations were examined in a JEOL-100B electron microscope at 60 kV.
PuriJication ofJagella. A highly motile culture of M7, in the late-exponential phase of growth, was harvested by centrifugation at 12000 g for 20 min. The pellet was gently resuspended in distilled water, and flagella sheared off in a Waring blender operated at high speed for 12 s. Cells were removed by centrifuging at 16000g for 30 min. The suspended flagella were then collected by centrifuging at 100000 g for 2 h. The pellet was resuspended overnight in 0.05 M-Tris/HCI (pH 7.8). Final purification was done by passing the flagella through a linear 7.6-53.2% (v/v) Renografin gradient.
Preparation of antiserum. Two female New Zealand White rabbits were each injected with 500 pg flagella mixed in Freund's complete adjuvant (Difco). Injections were administered subcutaneously in three or four places on the dorsal area of rabbits using a preparation of flagella that had been purified to electrophoretic homogeneity (J. C. Lara, unpublished). Three weeks later the rabbits were challenged by using a similar protocol. The first booster was given 2 weeks later using 250 pg flagella mixed in Freund's incomplete adjuvant. Subsequent boosters were given at 2-week intervals. Rabbits were bled from the ear 10 d after each booster. The immunoglobulin fraction of the serum was obtained by standard methods (Harboe & Ingild, 1973) .
Immunological analysis. Double immunodiffusion assays were a modification of the technique of Ouchterlony (1949) . Immunodiffusion was done on glass slides covered with 1% (w/v) agarose containing 1 % (v/v) Triton X-100 in 0.15 M-NaCl and 0.01 M-sodium phosphate (pH 7.0). Flagella were disaggregated in 0.1 % SDS as described
by Lagenaur & Agabian (1976) . Antigen and antibody wells contained 10 pl of an appropriately diluted serum and antigen sample that would yield a precipitin line. Slides were incubated in a moist chamber at 20 "C for 8-24 h, washed with 0.1 M-NaCl followed by distilled water, dried, and stained with Coomassie brilliant blue.
R E S U L T S A N D D I S C U S S I O N
A direct selection procedure was used to isolate motile variants from a gas-vacuolate strain of A. aquaticus, M1. Semisolid medium was prepared by pouring CAGV medium containing 0.35 % agar into Petri dishes. After the medium had cooled, the centre of the plate was inoculated with strain M1 and incubated at 22 "C. For 10-14 d, bacterial growth was confined to the point of inoculation. After this time, the zone of growth began to radiate from the centre of the plate. Microscopic examination of wet mounts made from the periphery of the growth z,one showed the presence of motile cells. When this material was inoculated into the centre of a second semisolid agar plate, the bacteria grew away from the point of inoculation quite rapidly; within 5 d the entire surface of the plate was turbid. Using this simple procedure we were able to routinely isolate motile variants from strain M1. Two of the independently selected motile isolates obtained were chosen randomly for further characterization and are described below.
Other strains of A. aquaticus were then tested for their ability to give rise to motile variants. The results of these studies are summarized in Table 1 . Motile variants were isolated from all strains except strains B and 0rskov. Motility screening tests on strains B and 0rskov were repeated several times, with incubation periods of up to 6 weeks.
Several other heterotrophic gas-vacuolate bacteria were tested for the capacity to produce flagella. Prosthecomicrobium pneumaticurn and Ancalomicrobium adetum did not produce motile variants. Motile variants were isolated consistently from 'Renobacter vacuolatum' (Nikitin, 197 l), a gas-vacuolate heterotroph which is morphologically and biochemically similar to A. aquaticus, but which shows less than 50% DNA homology with it (Larkin & Borrall, 1984) . Motile variants were also obtained from the Spirit Lake organism.
Electron microscopic examination of two motile variants derived from strain M1, M7 and 
M92
, showed the presence of flagella which measured 12 nm in diameter and several pm in length. Some cells had a single subpolar flagellum, while others had two or more flagella emanating from their cell surface (Fig. la) . The reason for this variability remains unclear although it may reflect the fact that flagella are easily sheared from cells during handling. Breakage appeared to occur readily between the basal body and the hook structure of the flagellum since flagella with attached hooks could be seen in some preparations (Fig. lb) . Flagella were purified from the M7 motile variant, and an antiserum to this protein was prepared. In an Ouchterlony double diffusion test, a single precipitin line formed between the antiserum and purified flagella. When the antiserum was added to motile cultures of M7 or M92, and wet mounts examined by phase-contrast microscopy, the bacteria became immotile. Serum from pre-immunized rabbits had no effect on the motility of either M7 or M92; likewise the M7 flagella antiserum was ineffective in preventing motility of Escherichia coli. The antiserum also immobilized the other motile variants of A . aquaticus and 'Renobacter vacuolatum' (Table 1) . These results suggest that all these motile variants share a common flagellar antigen despite DNA sequence homology between several strains being less than 50% (Konopka et al., 1976 ).
An interesting aspect of motility in A . aquaticus is its relationship to production of gas vesicles. Of the 10 independently selected motile variants examined from strain M1, none exhibited the gas vacuole phenotype when grown in CAGV medium at temperatures greater than 20 "C. If motile cultures were grown at temperatures of 15-1 8 "C, motile gas-vacuolate cells were seen as previously reported by Konopka et al. (1976) . Similarly, all other motile isolates obtained from A . aquaticus strains, i.e. W, OK, H, NC as well as ' R . vacuolatum', were nonvacuolate at growth temperatures greater than 20 "C. In contrast, the motile variants obtained from A . aquaticus MlOO or MlOl were both motile and gas-vacuolate at growth temperatures up to 32 "C. These regulatory mutants MlOO and MlOl differ from their parent M1 in that gas vesicles are produced under all culture conditions and synthesis is not subject to inhibition by L-lysine or NaCl (Konopka, 1977; M. M. Wilson, unpublished results).
There were several parallels between the effects of environmental conditions upon motility in strains M7 and M92, and production of gas vesicles in strain M1. Gas vesicles were not produced by strain M 1 grown in CAGV medium at 37 "C, whereas cells grown at 20 or 30 "C synthesized gas vesicles (Table 2) . However, the regulatory mutant, M100, produced gas vesicles when grown at 37 "C. When M7, M92 or M 1 19 (a motile variant derived from M100) were grown at 20 or 30 "C in CAGV medium, they produced flagella. However, none of these strains were motile when cultured at 37 "C, although M 119 continued to make gas vesicles. Subsequent studies revealed that when motile cells, grown at 20 or 30 "C, were shifted to 37 "C, the cells shed their flagella within 30 min. Upon re-incubation of the culture at 20 or 30 "C, motile cells were observed 1 h after transfer. The loss of motility at temperatures near the optimum for growth has also been reported for a number of other bacterial species (Lacey, 1961 ; Kerridge, 1961 ; Doetsch & Hageage, 1968) . Konopka (1977) reported that gas vesicles were not formed by A. aquaticus M1 in glucose minimal medium (DM) containing 0.15 M-NaCl. However, the regulatory mutant M 100 produced gas vesicles under these conditions. When motile variants M7, M92 and MI 19 were grown in either DM or CAGV containing 0.15 M-NaCl, they were nonmotile. If 0.15 M-NaCl was added to motile cultures growing in DM, the cells became nonmotile within 30min.
A third environmental condition which is known to inhibit production of gas vesicles in A. aquaticus M1 is the addition of L-lysine to growing cultures (Konopka, 1977) . However, cultures of M7, M92 or M119 grown in DM containing L-lysine (100 g ml-l) showed no inhibition of motility.
Thus, flagellum and gas vesicle synthesis exhibit several interrelationships in A. aquaticus. In selecting for motile cells from gas-vacuolate cultures, there appears to have been a counterselection against production of gas vesicles with those cultures incubated at low temperature (15-18 "C) or with the gas vesicle regulatory mutants (M100, M101). Why incubation at low temperature or why mutants such as MlOO permits expression of both phenotypes, remains unclear. Motile variants will revert back to nonmotile gas-vacuolate cells at a frequency of about lo-'. Interestingly, not one of lo4 gas-vacuolate M1 colonies examined switched to the motile phenotype. Thus, transition between the two different structural phases can occur at two different frequencies. The high frequency of reversion of motile cells back to gas-vesicleproducing cells is reminiscent of the phase variation of the formation of flagella seen in Salmonella typhimurium (Stocker, 1949) , the on-off switch of type 1 fimbrial synthesis in E. coli (Eisenstein, 1981) , the fimbrial phase variation for either P, type lC, or type 1 fimbriae in E. coli (Nowicki et al., 1984) , and the phenotypic variation of the production of gas vesicles and pigment seen in Halobacterium halobium (Pfeifer et al., 1981) . The fact that the transition between the two forms does not occur at comparable rates, and the gas-vacuolate form has a greater selective advantage, may explain why motile variants have not been isolated from nature. Only when a selective advantage for motility is imposed, as occurs in the semi-solid agar plates, can one isolate motile variants.
Whether or not the observations we have made, showing that two of three environmental conditions which prevent the production of gas vesicles also inhibit motility, have any bearing on the apparent reciprocal expression of the synthesis of flagella and gas vesicles remains unclear. It may be purely coincidental that incubation at 37 "C or supplementation of media with NaCl (0.15 M) inhibit both motility and the production of gas vesicles. Alternatively, expression of both structures may be under the control of a common regulatory factor or mechanism which is affected by the above environmental conditions.
